Objective: To clinically characterize the temporal relationship between dyskinesia and the antiparkinsonian response when dyskinesia first emerges during long-term levodopa therapy and to determine if it is consistent with the hypothesized mechanism by which dyskinesia develops.
indicating similar sensitivities to levodopa. However, little data exist for the intermediate period, when the antiparkinsonian response and dyskinesia are supposedly dissociated. 2, 3 We investigated the onset and offset of dyskinesia and the antiparkinsonian response as measures of sensitivity to levodopa when dyskinesia first appeared during long-term therapy to examine the temporal dissociation of the 2 responses. Further, we examined the changes in latencies and magnitudes of responses, indices of sensitization, during the first 4 years of therapy to determine if the evolution of the 2 responses would suggest that they originated from different mechanisms. METHODS Subjects. This is a retrospective study using data generated in 3 previous Oregon Health & Science Uni- Concepts of how dyskinesia emerges during long-term levodopa therapy (A) Diagram illustrating how dyskinesia emerges during long-term levodopa therapy according to the hypothesis that it is related to increasing sensitivity (a lowering of the threshold) for levodopa-induced dyskinesia. Panels illustrate early (a), mid (b), and late (c) stages of long-term levodopa therapy. The key feature is the progressive lowering of the threshold for dyskinesia with the first appearance of dyskinesia only at peak dose and dissociated from the antiparkinsonian actions gradually progressing to simultaneous appearance of dyskinesia and antiparkinsonian response. The lines above the panels illustrate when the antiparkinsonian response (ANTIPD) and dyskinesia (DYS) occur during the dose cycle. (B) Modification of (A) to make it consistent with our observations. The threshold for dyskinesia and the antiparkinsonian response are identical when dyskinesia first appears and both progressively decrease during long-duration levodopa therapy.
versity (OHSU) institutional review board-approved studies using identical experimental paradigms, 2-hour levodopa infusions after overnight without antiparkinsonian medication in subjects with idiopathic Parkinson disease (PD). [4] [5] [6] All subjects gave informed consent. The first study was a longitudinal study that followed PD subjects for 4 years from their first ever dose of levodopa. For the 2 other double-blind, intervention studies in subjects with PD with motor fluctuations and dyskinesia, the response to placebo was used for the analyses described below.
Protocol. The protocol, conducted as an inpatient study in the OHSU General Clinical Research Center (GCRC), used 2-hour 1 mg/kg/hour levodopa infusions running between 9 AM and 11 AM after the subjects had been without antiparkinsonian medications overnight. Tapping speed and tremor, indices of the antiparkinsonian response, and dyskinesia were monitored at half-hour intervals from 8 AM to 2 PM. A fuller description of the subjects and methods is available in the articles referenced above.
Analysis. Onset of dyskinesia was defined by the first time that dyskinesia was scored during or up to 2 hours after the levodopa infusion and offset was defined by the last time that dyskinesia was present. The onset and offset of antiparkinsonian action was determined by the time that the tapping score in the more affected arm was 10% or greater than the mean of the 8, 8:30, and 9 AM baseline tapping rates. In the Early LD Therapy group, the increase in tapping speeds was sometimes modest, and a reduction of tremor score by 2 or more points was used in 7 subjects rather than a 10% increase in tapping to determine antiparkinsonian response onset and offset.
Statistics. The onset and offset times were not normally distributed and for that reason these data are presented as medians with 25% and 75% tails and the comparisons are with Wilcoxon signed rank tests. The changes in onset of dyskinesia and peak severity of dyskinesia during the 4 years were normally distributed and tested with paired t tests.
RESULTS Dyskinesia and antiparkinsonian response
with first dose of levodopa. Twenty subjects received 2-hour levodopa infusions just prior to starting longterm levodopa therapy as part of the longitudinal study of the response to levodopa over the first 4 years of long-term levodopa therapy. There are 2 more subjects in addition to those described in a previous report 4 because 1 subject who developed dyskinesia within the first year of the study was subsequently lost to follow-up and a second subject completed the protocol after the publication referenced above. The demographics of this study population are presented in table 1.
No dyskinesia was observed with the first levodopa infusion, consistent with clinical wisdom and the hypothesis that dyskinesia emerges during long-term levodopa therapy (table 2 ). An antiparkinsonian response was detectable in 17 of the 20 subjects.
Dyskinesia and antiparkinsonian response in subjects
with motor fluctuations and dyskinesia. The onset of increased tapping speed and of dyskinesia as well as the offset of increased tapping and dyskinesia with 2-hour levodopa infusions were compared in 20 subjects selected for having motor complications of long-term levodopa therapy and participating in 2 other protocols. 5, 6 The number of subjects is less than the total subjects in the 2 trials because 3 subjects participated in both studies and 3 subjects did not have a 10% increase in tapping speed to allow measurement of onset and offset of the antiparkinsonian response. Demographics of this population are presented in table 1.
The median onset and offset of increases in tapping speed and dyskinesia were essentially identical (table 2). The median difference between the onset of the antiparkinsonian response and dyski- nesia was zero as was the median difference between offsets (table 3) . These findings are also consistent with clinical wisdom and the hypothesized model that in advanced subjects antiparkin-sonian response and dyskinesia are generally inseparable.
Development of dyskinesia during the longitudinal study.
At the end of the 4-year longitudinal study, 16 of the 20 de novo subjects had developed dyskinesia. The cumulative number of patients who had exhibited dyskinesia was 8 after 6 months of levodopa therapy, 12 after 12 months, 15 after 24 months, and 16 after 48 months. The one subject in whom dyskinesia first appeared at 4 years was not studied after 2 years of long-term levodopa therapy. Dyskinesia was not observed in 2 subjects at subsequent CRC admissions after it was first seen. These 2 subjects were the 2 subjects with onset of dyskinesia at 3.5 hours after the start of the levodopa infusion in figure 2A .
Onset and offset of antiparkinsonian response and dyskinesia when dyskinesia was first observed during the longitudinal study. The median onset and offset times of dyskinesia when dyskinesia first appeared did not differ significantly from those of the antiparkinsonian response (table 2) . In 4 subjects, dyskinesia appeared before the antiparkinsonian response; in 4 subjects, dyskinesia and antiparkinsonian response began simultaneously; and in 8 subjects, dyskinesia began after the antiparkinsonian response ( figure  2A ). The median difference between time of onset of the antiparkinsonian response and dyskinesia was 0.25 hour and the median difference of offset time of the antiparkinsonian response and dyskinesia was zero (table 3 and figure 2, A and B ).
Change in onset and peak severity of dyskinesia.
Comparing the onset and the peak severity of dyskinesia in the 13 subjects in whom we had dyskinesia measures at 2 time points during the 4 years showed a reduced latency to onset of dyskinesia from 1.9 Ϯ 0.9 to 1.2 Ϯ 0.6 hours ( p ϭ 0.03) and an increased severity of dyskinesia from 2.0 Ϯ 0.8 to 4.2 Ϯ 3.1 ( p ϭ 0.02). We previously showed that the latency to the antiparkinsonian response shortened and the magnitude of the tapping response increased during this study. 4 Further evidence for an earlier onset of antiparkinsonian response and dyskinesia with longterm levodopa therapy is also seen in the times of onset for the subjects with long-term levodopa therapy vs the subjects in the first 4 years of levodopa therapy in table 2.
DISCUSSION Our concept of the relationship between levodopa-induced antiparkinsonian response and dyskinesia influences the manner in which we prescribe levodopa and guides research into better strategies to treat PD. Thus, characterizing this relationship between dyskinesia and the antiparkinsonian response is important. The most important observation of this study is that the onset and offset of the antiparkinsonian response and dyskinesia were similar when dyskinesia first emerged. This observation indicates that the sensitivity or threshold for dyskinesia and for the antiparkinsonian response are similar from early in long-term therapy; as opposed to the hypothesis that the sensitivity to levodopa for the antiparkinsonian response and for dyskinesia are very different initially and only approach one another with years of levodopa therapy. 1 An implication of our observation is that a therapeutic window between the antiparkinsonian response and dyskinesia does not exist except before dyskinesia emerges. Figure 1B illustrates the scenario that best fits our observations.
As sensitivity is a property of the dose-response curve, this observation also offers no evidence that the dose-response curves are different for antiparkinsonian responses and for dyskinesia. If the doseresponse curves are not different, it indicates that manipulation of levodopa doses will not allow dissociation of the antiparkinsonian response and dyskinesia. Similar dose response curves could also indicate that the antiparkinsonian response and dyskinesia result from the same pharmacologic effects on the basal ganglia circuitry. That is, dyskinesia may be an integral part of the antiparkinsonian response. The fact that anti-bradykinesia effects and dyskinesia were elicited together with microstimulation of the dorsal globus pallidus interna sites would support this reasoning. 7, 8 A widely accepted observation is that sensitivity for the antiparkinsonian response and for dyskinesia are similar in more advanced patients 2,3 and in nonhuman primates. 9 This observation of identical sensitivities for the desired motor effects and for dyskinesia in more advanced patients would have to be considered a coincidence if there were different dose response curves for the antiparkinsonian response and for dyskinesia. The fact that the sensitivities for the antiparkinsonian response and for dyskinesia are identical in advanced disease is consistent with our observation that the dose-response curves (thresholds) are the same when dyskinesia first appears and are presumably the same throughout the course of the disease when levodopa induces an antiparkinsonian response and dyskinesia.
What does explain the emergence of dyskinesia if a progressive increase in sensitivity (progressive decrease in threshold) for dyskinesia does not account for the fact that dyskinesia is not present with initial treatment with levodopa but appears months or years later? An alternate hypothesis is that the magnitude of the dyskinesia response progressively increases from an effect that is so subtle as to not be recognized in early treatment, to minimal fidgeting or extraneous movements that escape the subject's attention, to full-blown involuntary movements of levodopainduced dyskinesia. The fact that dyskinesia can emerge very quickly in severely affected or young people with PD is consistent with this argument, 10, 11 as is the observation that dyskinesia can be seen with the first dose of levodopa in rodents and monkeys with toxin-induced parkinsonism. 12, 13 The second important observation of this study is that the antiparkinsonian responses and the dyskinesia response evolved in a similar manner during the first 4 years of levodopa therapy. With time, both the increase in tapping speed and dyskinesia began with a shorter latency during the 2-hour levodopa infusions. This observation is consistent with a number of previous studies. [14] [15] [16] [17] Peak dyskinesia severity increased and the peak tapping speed also increased, most clearly seen if the long-duration response was partially removed by withholding levodopa for 3 days. A larger magnitude response has also been suggested in earlier studies. 2, 3, 16 These apparent changes in sensitivity are incorporated in figure 1B . The shorter latency and increased magnitude of responses to a drug are characteristics of behavioral supersensitivity. 18 Thus there are similar changes in the antiparkinsonian and dyskinesia responses to levodopa during the first 4 years of levodopa therapy, consistent with the concept of sensitization, but offering no evidence that the 2 responses are mediated by different pharmacologic mechanisms.
The coupling of dyskinesia and the antiparkinsonian response is also suggested by large randomized clinical trials of various pharmacologic interventions in patients with PD with motor fluctuations and dyskinesia; increased "on" time is generally accompanied by increased dyskinesia. 19 The one apparent exception to the parallel effects on antiparkinsonian and dyskinesia responses is amantadine. Amantadine suppresses dyskinesia without worsening parkinsonism, as shown in several small clinical trials. 20, 21 But even here there is a hint that amantadine may blunt the antiparkinsonian response in primates, 22 as is true with another proposed antidyskinetic drug, sarizotan. 23 It is important to point out some caveats about this study. First, it is retrospective, examining studies done in our clinical research center using identical protocols but for other purposes. Secondly, the studies are acute, examining the responses to 2-hour levodopa infusions. Constant rate, 2-hour IV infusions are used to produce smooth, nearly identical timeconcentration plasma levodopa curves but the difference from plasma levodopa profiles of orally administered drug may be important in some unap-preciated manner. Also, avoidance of oral absorption may eliminate delayed absorption, which may be an issue in some advanced patients. 24 Finally, we are primarily using finger tapping as an index of the antiparkinsonian response. Finger tapping has generally served as a drug-responsive marker for bradykinesia, the key feature of parkinsonism. [25] [26] [27] In some subjects beginning levodopa therapy, we used tremor scores in lieu of tapping scores because the subjects did not have a 10% increase in tapping rate.
Our observations of the emergence and progression of dyskinesia during the first 4 years of levodopa indicate that the antiparkinsonian and dyskinesia responses to levodopa are very similar and do not suggest any obvious pharmacologic differences to allow dissociation of the 2 responses. However, absence of evidence for differences in the antiparkinsonian response and the dyskinesia response does not prove that the responses are the same. Further, some patients obtain motor benefit from levodopa without developing dyskinesia for long periods of time, proving that the antiparkinsonian response and dyskinesia do not always coexist. On the other hand, since the introduction of DL-dopa and subsequently levodopa, it has been observed that dyskinesia is a marker for a good response to the drug. 28 Our modification of the current model for development of dyskinesia can be seen as a discouraging conclusion because so many therapeutic strategies seek to dissociate the dyskinesia and antiparkinsonian responses to levodopa with the belief that they are 2 different clinical responses. But our conclusions may also be a stimulus to "think outside the box." Other pharmacologic or physiologic methods to manipulate the disordered basal ganglia circuits may be more fruitful. Another possibility is to explore the long-duration response and methods to enhance this motor response that is not associated with rapid motor fluctuations or dyskinesia. 
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